We predict the 21-cm signature of the first metal-free stars. The soft X-rays emitted by these stars penetrate the atomic medium around their host halos, generating Lyα photons that couple the spin and kinetic temperatures. These creates a region we call the Lyα sphere, visible in 21-cm against the CMB, which is much larger than the HII region produced by the same star. The spin and kinetic temperatures are strongly coupled before the X-rays can substantially heat the medium, implying that a strong 21-cm absorption signal from the adiabatically cooled gas in Hubble expansion around the star is expected when the medium has not been heated previously. A central region of emission from the gas heated by the soft X-rays is also present although with a weaker signal than the absorption. The Lyα sphere is a universal signature that should be observed around any first star illuminating its vicinity for the first time. The 21-cm radial profile of the Lyα sphere can be calculated as a function of the luminosity, spectrum and age of the star. For a star of a few hundred M ⊙ and zero metallicity (as expected for the first stars), the physical radius of the Lyα sphere can reach tens of kiloparsecs. The first metal-free stars should be strongly clustered because of high cosmic biasing; this implies that the regions producing a 21-cm absorption signal may contain more than one star and will generally be irregular and not spherical, because of the complex distribution of the gas. We discuss the feasiblity of detecting these Lyα spheres, which would be present at redshifts z ∼ 30 in the Cold Dark Matter model. Their observation would represent a direct proof of the detection of a first star.
Introduction
The formation of the first stars marks the end of the cosmic dark age (the epoch between recombination and the formation of the first sources of light) and the beginning of the reionization era. The ΛCDM model of structure formation predicts that the first stars were formed in dark matter halos of ∼ 10 6 M ⊙ , which were sufficiently massive to allow the halo gas to collapse and cool through emission in molecular hydrogen roto-vibrational lines (for reviews see, e.g., Barkana & Loeb 2001; Miralda-Escudé 2003) . Numerical simulations and analytic arguments suggest that in the absence of heavy elements, the gas in the halo center will cool hydrostatically and collapse into a central object when the Jeans mass is ∼ 10 3 M ⊙ , probably resulting in the formation of one or a few stars with a few hundred M ⊙ (Bromm, Coppi, & Larson 1999; Abel, Bryan, Norman 2000) . Stars of this mass live for only 3 × 10 6 yr (Bromm, Kudritzki & Loeb 2001) . At the end of their lives the supernova explosions enrich the intergalactic medium with heavy elements, which accelerate the cooling process and allow less massive stars to form. The reionization of the medium advances as more sources of ionizing radiation (stars or black holes emitting light as quasars) are formed in increasingly massive halos.
A very powerful observational probe of the end of the dark age is 21cm tomography (Madau, Meiksin, & Rees 1997; Tozzi et al. 2000) , which provides information on the state of the atomic intergalactic medium (IGM). Hydrogen atoms interact with 21cm photons by radiative transitions between the hyperfine splitted ground state. The hydrogen may be seen in emission or absorption against the Cosmic Microwave Background (CMB) depending on whether its spin temperature is above or below the CMB temperature. The spin temperature is a weighted average of the gas kinetic temperature and the CMB temperature: it is driven toward the CMB temperature by the 21cm transitions, and towards the kinetic temperature by atomic collisions and by resonant scattering of Lyα photons (Wouthuysen 1952; Field 1959) . During the dark age (before the appearance of any sources of light), the kinetic temperature is lower than the CMB temperature because of adiabatic cooling, and collisional coupling of the spin and kinetic temperatures can produce an absorption signal. Collisional coupling becomes ineffective below a redshift ∼ 40, except in high density regions such as collapsed minihalos (Iliev et al 2002) . At lower redshift, the gas may again appear in absorption when illuminated with the Lyα photons from the first sources, which also couple the spin and kinetic temperatures through the Wouthuysen-Field mechanism. At the same time, the ionizing photons from the same first sources start heating the neutral medium, due mainly to soft X-rays which penetrate deeper into the atomic regions (Chen & Miralda-Escudé 2004; Sethi 2005 ). The 21cm fluctuations are then due to variations of neutral density, Lyα flux and spin temperature (Barkana & Loeb 2004) . As reionization proceeds, X-rays heat the kinetic temperature to values much higher than the CMB temperature, and at the same time a Lyα photon background is produced which strongly couples the spin and kinetic temperatures. The 21cm fluctuations are then essentially proportional to the density of neutral hydrogen, dependent on the IGM density and the ionization state (Madau, Meiksin, & Rees 1997; Ciardi & Madau 2003; Furlanetto, Sokasian, & Hernquist 2004) .
In the present work, we study the 21cm signature of the first stars, when the region around a star is illuminated by Lyα photons for the first time after the recombination epoch. Before a Lyα photon background is created, the spin temperature is close to that of the CMB temperature at most spatial locations. However, near a first star, the Lyα photon flux is strong enough to change the spin temperature, rendering the medium observable with 21cm tomography. This region is substantially greater than the HII region generated by the star and the virial radius of the starforming halo, as we shall see below. We shall refer to such a region as a Lyα sphere. The gas in the inner part of a Lyα sphere is heated up quickly by the radiation of the star (which, owing to the surface temperature T ef f ≃ 10 5 K of massive, metalfree stars, emits substantial soft X-rays during the main-sequence lifetime) to a temperature above T CMB . Therefore, this inner region produces instead a core of 21-cm emission. The heating rate is much lower at the outer part of the Lyα sphere. Depending on the spectrum and the age of the star, the gas in the outer part of the Lyα sphere should appear as a halo of 21-cm absorption. This outer halo of absorption is not present if the region has been illuminated before by a sufficiently strong background of soft X-rays, and therefore heated by other more distant sources prior to the appearance of the star. Therefore, the detection of the absorption halo provides a unique signature of a first star.
As this work was being completed, we became aware of the work by Cen (2006) along similar lines. Our conclusions differ from those of Cen in two respects: first, we find that Lyα spheres of absorption would be produced only around the very first sources of light in the universe, which should be single metal-free stars (see, e.g. Abel, Bryan, & Norman 2002 , Bromm & Larson 2004 . At later times, the medium should be rapidly heated by X-rays and a global Lyα background should be produced, eliminating the Lyα spheres. Second, the most important source of Lyα photons that couple the spin and kinetic temperatures around a first star are not the continuum photons from the stellar photosphere, but the secondary Lyα photons due to impact excitations by electrons produced by the X-rays themselves. As we shall see in this paper, this fact is essential for improving the observability of these Lyα spheres in 21 cm absorption, by increasing their contrast relative to the background.
In §2, we derive the properties of an individual Lyα sphere. In §3 we investigate the formation history of the first stars. The growth of the Lyα and soft X-ray backgrounds, which affect the global evolution of the kinetic and spin temperature of the IGM, is considered in §4. In §5, we consider the observability of these Lyα spheres. We summarize our results in §6. In the following, we have adopted the WMAP three year ΛCDM model, with h = 0.73, Ω m = 0.23, Ω b = 0.047, n s = 0.99, σ 8 = 0.77.
Properties of Lyα spheres

Basic concepts and notation
The form of the Lyα sphere produced around a first star, detectable by means of the 21 cm emission and absorption, is determined by the intensity of Lyα photons and soft X-rays produced over the history of the stellar lifetime. As a result of the irradiation of the neutral medium by stellar ultraviolet light, Lyα photons are produced by two mechanisms: they may have been emitted directly from the stellar photosphere at a frequency in the range between Lyα and Lyβ and then redshifted to Lyα , or they may result from stellar photons emitted at frequencies above Lyβ, which either ionize a hydrogen atom that subsequently recombines and emits a Lyα photon, or are redshifted to a higher order Lyman series frequency, absorbed by a hydrogen atom and downgraded to a Lyα photon. Following Chen & Miralda-Escudé (2004) , we designate the first type continuum photons (since they enter the Lyα line from the continuum spectrum on the blue wing of the line), and the second type injected photons (since they result from emission by an atom close to the line center). We note that a fixed point in the intergalactic medium can be reached by continuum photons from stars out to a maximum redshift of z c,max = (8/9)/(3/4) − 1 = 5/27. Injected photons originating from the continuum between Lyβ and Lyγ may arise out to a maximum redshift of z i,max = (15/16)/(8/9) − 1 = 7/128, while injected photons from ionizations may come from a higher redshift but need to arise from X-rays which can penetrate over a large distance in the atomic medium (in this case, every X-ray can produce several Lyα photons from secondary ionizations and collisional excitation by the electrons that are produced). Once the primary photon is absorbed and converted to a Lyα photon, it starts scattering and it is confined to a very small region of the universe owing to the large cross section for Lyα scattering in the neutral medium. Hence, the flux of Lyα photons at any point in the atomic intergalactic medium is directly related to the flux of X-rays and continuum photons between the Lyman series lines coming from distant stars.
The brightness temperature of 21cm photons is given by
The spin temperature T s is a weighted average of the CMB temperature and the gas kinetic temperature,
where the coupling coefficients y α and y c are proportional to the Lyα scattering rate (Wouthuysen 1952; Field 1959 ) and spin-changing collision rate, respectively:
Here, T * = 0.068K is the temperature corresponding to the energy of the hyperfine structure of hydrogen, A 10 = 2.87 × 10 −15 s −1 is the Einstein coefficient of the hyperfine structure levels, C 10 is the collisional de-excitation rate (tabulated by Allison & Dalgarno (1969) ), and
where H is the Hubble rate at that redshift, τ GP is the Gunn-Peterson optical depth, J c and J i are the intensities of continuum and injected Lyα photons, and S c and S i are numerical factors of order unity that depend on the gas temperature and on τ GP (see Chen & Miralda-Escudé (2004) 1 ). In the high temperature limit, S c,i → 1. For simplicity, in the present paper we shall assume S c,i = 1, and shall consider only the total intensity J = J c + J i . The fiducial intensityJ 0 corresponds to a photon density of one photon per hydrogen atom per log frequency,J
where n H is the number density of hydrogen and ν α is the frequency of Lyα . In ordinary units,J 0 hν α = 2.69 × 10
Lyα sphere model
The Lyα sphere of a first star is the region where the spin temperature is substantially modified by the Lyα photon flux arriving from the star, producing an observable signature in the 21cm line. Stars that form later emit their ultraviolet light into a region that has already been previously illuminated by a background of light from more distant stars which formed earlier, and the contrast of the Lyα sphere from an individual star will of course rapidly diminish as the background intensity increases. In this paper, we designate as "first star" any star that emits the first light into the atomic medium that surrounds it. Many more metal-free stars form later from pristine material (i.e., not contaminated by any stellar ejecta), but which has been illuminated by stellar light; these stars create a Lyα sphere in the presence of a light background, with lower contrast. Note that the region around a star is also modified by an increased kinetic temperature due to ionization by soft X-rays. 1 The numerical values of the heating and collisional rate coefficients I i , Ic, S i ,Sc given in Chen & Miralda-Escudé (2004) are all too large by a factor of √ π, because of an incorrect normalization used in the original code (this does not affect the basic conclusions reached in Chen & MiraldaEscudé (2004) ). We thank Chris Hirata for pointing out this error to us. Also, loss of Lyα photons by the two photon decay process could further reduce the effective collision rate slightly, see Hirata (2005) for further information.
The main sequence lifetime of a massive, metalfree star is about three million years, and is generally much longer than the Kelvin-Helmholz time to reach the main-sequence. For the first stars, mass loss by stellar winds is also unimportant. We treat the stars as static during their lifetime, with constant luminosity. As we shall see below, due to the r −2 decrease of the photon flux, the size of Lyα sphere is typically limited to a few tens of kpc, and so the corresponding light propagation time is again negligible compared with the stellar lifetime. The scale of this Lyα sphere is also much greater than the halo harbouring the star, so we treat the density of the gas as uniform and equal to the cosmic mean (note that this may be inaccurate in many cases because of the highly biased large-scale distribution of the first stars). The flux of the stellar continuum per unit frequency is
where r p is the physical distance to the star, and L(ν) is the stellar luminosity per unit frequency. We model the stellar radiation as blackbody with surface temperature and total luminosity given by (Bromm, Kudritzki & Loeb 2001 )
Ionization and heating of the Lyα sphere
We now proceed to solve for the ionization fraction, kinetic temperature, spin temperature, and the 21cm emission temperature around the star. We neglect recombinations in this paper (this is only approximately correct, since the recombination time at the average density of the universe is only a few times longer than the lifetime of the star and of the Lyα sphere). Note that we are also assuming that the high-density halo gas around the star (which does not have time to be ejected from the halo during the stellar lifetime after it is ionized and heated) does not absorb a large fraction of the stellar ionizing photons emitted by the central star (Whalen, Abel, & Norman 2004) . We also do not consider ionization and heating by any Xray background that may have been produced by sources other than the star. The neutral fraction is determined by
(11) Here, F (ν) is the flux of ionizing photons per unit frequency, n H and n He are the total number density of H and He atoms, and x i , σ i (ν), and ν i are the fractional abundance, the cross section and the ionization threshold frequency of each atom or ion of type i, respectively. We fit the cross sections using the functions given in Verner et al. (1996) . The flux at physical distance r p is given by
where
We assume x HI = x HeI = 1 − 10 −4 , x HeII = 0 everywhere initially (to include the primordial ionization). We then evolve the ion fractions on a lattice of 200 points (logarythmically distributed from r = 0.01kpc to r = 100kpc) with the above differential equations. The solution of the ordinary differential equation is obtained with a predictorcorrector scheme (Engeln-Mullges & Uhlig 1996) . The internal energy of the gas is given by (15) where the fraction of photo-electron energy converted to heat η(x, ν) is a function of energy and free electron fraction. Shull & van Steenberg (1981) calculated this function using a Monte Carlo simulation, and found that it can be fitted as
Note that this fit breaks down at very low x, but it is a good approximation for x 10 −4 .
Secondary Lyα photons from ionization by X-rays
Owing to the high temperature of the metalfree stars, the soft X-rays from the stellar photosphere result in a substantial ionization and heating ahead of the thin shell where most of the ionization occurs. These high-energy electrons produced by the X-rays that penetrate into the mostly atomic zone also result in the emission of additional Lyα photons: in the limit of low fractional ionization and high photon energy, a fraction η α ∼ 40% of the X-ray energy is converted to Lyα photons through excitation by the high-energy electrons. The intensity of these Lyα photons is added to those coming from the stellar photosphere and can contribute to the coupling of the spin and kinetic temperatures.
The Lyα photons produced through X-ray ionization are "injected" photons, since they are introduced at the resonance line center. Spatial diffusion of these photons is negligible, because the width of the scattering line is much less than the Hubble expansion velocity of the Lyα sphere at the radius where the emission of these photons is important. To evaluate their intensity, we note that each X-ray will produce a number of Lyα photons η α ν/ν α , and that each Lyα photon produced in this way will have its frequency redshifted at a rate Hν α if the effect of scatterings are neglected, where H is the Hubble constant. Hence, the number density of these Lyα photons per unit of frequency should be equal to the heating rate per unit of volume (eq. 15) times the factor (η α /η)/(hν α )/(Hν α ). Their intensity is therefore equal to
In terms of the fiducial intensity in eq. (5), we can rewrite this as
Noting that the quantity hν α n H H is roughly the heating rate required to heat the gas to a temperature hν α /k B ∼ 10 5 K over a Hubble time, we can easily see a relation between the temperature to which the gas is heated by X-rays and the Lyα intensity that can be produced from the same X-rays. For example, considering the gas temperature and Lyα intensity at half the lifetime of the star, t = 1.5 × 10 6 yr ≃ 10 −2 H −1 , at a distant point in the Lyα sphere where the temperature has been heated due to X-ray absorption by ∆T = 10 K (still allowing for a large 21 cm absorption signal), and using η α /η ≃ 4 (valid for high neutral fractions and X-ray energies), an intensity
−2 can be generated, sufficient to obtain y α ≃ 2 for the spin-kinetic temperature coupling.
We note here that the scattering of Lyα photons can also change the kinetic temperature of the gas. As shown by Chen & Miralda-Escudé (2004) , the heating rate due to the Lyα scattering is negligible compared to that caused by X-rays, and we do not include it here. In fact, for the regime that we shall be interested here, the temperature of the atomic medium is high enough that the scattering of Lyα photons actually causes cooling of the gas (see Fig.  3 in Chen & Miralda-Escudé 2004) , although by a negligible amount.
Results on the ionization and temperature profile evolution
At large radius, where the ionized fraction in the Lyα sphere is low, cooling is negligible and we simply calculate the temperature using the above expressions for the internal energy and the heating rate, assuming there is no cooling. The effect of atomic cooling sets in rather abruptly once the temperature reaches T ≃ 10 4 K, and we assume that the temperature stays fixed at this value after it is reached. This does not affect our result on 21cm because at these high temperatures the emission depends only on the hydrogen column density.
We plot the neutral fraction of the gas as a function of distance from the star in Fig. 1 . The top, middle, and bottom panels correspond to a time after the birth of the star of 0.5, 1.5, and 2.5 Myr. The result is shown at redshifts z = 30, 25, 20, 15 from left to right. In each panel we plot the neutral fraction for six stellar masses: 25, 50, 100, 200, 400, and 800 M ⊙ . The ionized regions grow with the age of the star; for fixed stellar mass and age, the HII region is smaller at higher redshift because the gas is denser. The maximum physical radius reached is 1 to 10 kpc.
The kinetic and spin temperatures of the Lyα sphere are plotted as a function of physical distance in the lower panels of Fig. 2 , at a time t = 1.5 Myr and the four redshifts z = 30, 25, 20, and 15. The six curves in each panel are for stellar masses M = 25, 50, 100, 200, 400, and 800 M ⊙ . We have assumed that there is no global Lyα background or heating prior to the formation of the star. The kinetic temperature is equal to our imposed floor (10 4 K) within a few kiloparsecs, due to heating by ionization. Beyond this radius the kinetic temperature drops rapidly as the atomic zone is penetrated, until it reaches the constant value of the unheated atomic medium far from the star, which is below the CMB temperature owing to adiabatic cooling.
The spin temperature is strongly coupled to the kinetic temperature thoughout the zone of the strong temperature drop ahead of the ionization front. The injected Lyα photons generated from the ionization by X-rays are far more intense than the continuum Lyα photons originating from the stellar photosphere. The y α parameter (see eq. 3), which indicates how strongly the spin and kinetic temperatures are linked by the Lyα photons, becomes of order unity just at the radius where the atomic medium starts being heated above its initial temperature by the X-rays from the star (for the reason explained above in §2.4). At larger radius, the spin temperature gradually rises above the kinetic temperature towards the CMB temperature as the Lyα coupling becomes weaker. This produces a region of strong 21 cm absorption against the CMB, coming from the atomic medium that is starting to be ionized and heated, still far from the ionization front where most of the ionization occurs. The temperature in this region has not yet increased very much, allowing for a strong absorption signal, but the Lyα photons generated by the ionizations are already strong enough to lower the spin temperature by a large factor below the CMB temperature. Note that at very large ra- dius, the spin temperature reaches a constant that is slightly below the CMB temperature because of collisional coupling, causing a constant level of absorption on the CMB.
Inside the HII region (the region that is mostly ionized), the kinetic temperature is assumed to stay constant. The spin temperature should also stay high, not only because of the Lyα photons produced by the high-energy electrons generated in the ionization front, but also because of additional Lyα photons generated by recombinations in the HII region. We have not calculated the detailed shape of the spin temperature profile in the HII region (this would be affected by diffusion of Lyα photons generated at the ionization front). However, this profile does not actually matter very much because, in the regime where the spin temperature is much higher than the CMB temperature, the observed 21 cm brightness depends only on the column density of hydrogen per unit of velocity, and not its spin temperature.
The Lyα sphere evolves as the gas is heated and ionized by the star. In Fig. 3 , the same profiles are plotted at redshift z = 20 and three different ages, t = 0.5, 1.5, and 2.5 Myr. The features of the Lyα sphere shift with time to larger radius and become shallower as the region where ionization and heating are important grows. A cross section map of the Lyα sphere for a star of 200M ⊙ , age 1.5 Myr at z = 20 with no global heating is shown in the left panel of Fig. 12 . The central HII region where δT b ≃ 0, the emission region (red) and absorption region (blue) is clearly seen. In real observations, the absorption signal against the CMB at large radius is the dominant signature of the Lyα sphere formed around a first star: it is of much higher brightness temperature and occupies a much larger area than the emission region close to the star that has been heated by the ionization. This small emission region could only be detected with very high angular and frequency resolution. In the absence of sufficient frequency resolution, the projected region of absorption on top of the small emission region would greatly overwhelm the signal. We now consider the formation history of the first stars in order to estimate the abundance of the Lyα spheres discussed in the previous section. We calculate the comoving density of collapsed dark matter halos with the halo model of PressSchechter (Press & Schechter 1974) , and also the Sheth-Tormen (Sheth & Tormen 1999) prescription. The density of collapsed halos of mass m at redshift z can be written as
Formation History
where 
Here, s ′ = as, with A = 1/2, a = 1, p = 0 for the Press-Schechter (PS) mass function, and A = 0.322, a = 0.707, p = 0.3 for the Sheth-Tormen (ST) mass functions.
The gas in a dark matter halo can form a first star provided that the primordial gas in the halo is able to cool by means of the small fraction of molecular hydrogen that can be made at this early epoch, faster than the rate at which the gas is dynamically shock-heated during mergers and accretion (e.g., Yoshida et al. (2003) , Reed et al. (2005) ). We assume for simplicity that star formation proceeds in any halo with T vir > 2000K, where T vir is the gas temperature after virialization and in hydrostatic equilibrium. For neutral gas, the mass of the halo when the virial temperature reaches this value is M min (z) = 1.17×10
6 Ω m h 2 0.147
(21) The lifetime of one of these massive, first stars is t * ≈ 3Myr, so only halos that have formed within the last t * would possess a star. We assume here that only one metal-free star forms per halo, since the ionizing radiation from these massive stars is able to ionize and expel all the gas in the halo (e.g., Whalen, Abel, & Norman (2004) ), and any future stars will already form from metal-enriched gas (presumably with a mass function closer to the present one). For simplicity, we assume that one star is present in each halo that has just formed with mass M > M min (z). At high redshift, when the fraction of matter that has collapsed in halos in which gas can cool is small, the number of halos of mass m that have formed over a time t * can be approximated as
where the cosmic time at z a is t(z a ) = t(z) − t * . In the redshift range 15 z 40, this can be simplified as
At low redshift, the approximation obviously fails as halo destruction by mergers becomes important. At high redshift n(m, z) evolves too rapidly and the integration over redshift needs to be done more carefully.
We plot the mass function of halos formed within a time t * , calculated with the PressSchechter formalism in Figure 4 . In Figure 5 , the comoving densities of star forming halos (solid curves) and first stars (dashed curve; this is equal to the density of halos formed within the past three million years) are shown, both for the PressSchechter and Sheth-Tormen mass functions. The ST mass function predicts a higher abundance for rare fluctuations, so at very high redshift the ST result is substantially greater than the PS result. The accuracy of the two mass functions at such high redshifts has not been tested; at lower redshifts the ST function fits N-body simulation results better, although it tends to overpredict the number of halos at z > 10 ( Reed et al. 2003) .
The comoving density of first stars peaks around a redshift z ∼ 15. Our calculation begins to fail at this redshift for several reasons: the merger destruction rate of the halos becomes comparable to the formation rate, and equation 22 is no longer accurate. Physical feedback effects suppressing the formation of metal-free stars and new star formation in regions containing metals may become important even earlier than z = 15. We do not consider these uncertainties in this paper, where we merely want to illustrate how the Lyα spheres of the first stars may interact, so our calculation is stopped at z = 15.
Halos harboring the first stars are strongly clustered because of the flatness of the Cold Dark Matter power spectrum at small scales, which implies a high bias of the first objects in large-scale regions of high density. The bias of halos of mass M at redshift z can be approximated as (Mo & White 1996 
for the PS function, and
for the ST function. We calculate the bias corresponding to the minimal mass for halos harboring stars at each redshift. The result is shown in Fig. 6 . The bias grows very rapidly with redshift, faster than (1 + z), implying that (perhaps counterintuitively) the first stars are increasingly clustered as the redshift increases, at a fixed comoving scale. The correlation function of biased halos is given by
where the linear correlation function is We plot the correlation functions in Fig. 7 . The increasing amplitude of the correlation function with redshift is again a result of increasing bias factor with redshift. The average number of neighboring Lyα spheres within a given radius r is
wheren(z) is the number density of star forming halos. This is shown in Fig. 8 . The average number of halos within a sphere of physical radius r = 10 kpc is ∼ 0.3 at z = 30 and ∼ 20 at z = 15. This number increases with time because of the growing number of collapsed halos, despite the decrease in the correlation function. Even if several similar halos are likely to be found within the radius of the Lyα sphere, it may be more rare to find two first stars within a similar physical distance as the halos, not only because of the required coincidence in the formation time of the two stars, but also due to possible feedback effects (e.g., from molecular photodissociation) of the radiation of one star on the formation of the other one. The large biasing factor of the star-harboring halos implies that the first stars which produced Lyα spheres may have an irregular neighborhood, with more collapsed structures on the scale of the Lyα sphere than one would find in a random location of the universe. These density fluctuations will likely make the "Lyα spheres" have a structure that is not actually very spherical, but irregular.
The impact of Lyα and hard X-ray backgrounds
The Lyα background
In §2, we have computed the kinetic and spin temperature profiles of the atomic medium around an isolated first star. The largest signal this "Lyα sphere" produces in 21 cm is the absorption against the CMB at large distances from the star. This absorption can be detected against the background if the spin temperature of the atomic medium is coupled to the kinetic temperature only close to the star, but not far from it because of the absence of Lyα photons; each star would then produce an isolated Lyα sphere. However, as the number of first stars increases, a Lyα background will be generated which can couple the spin and kinetic temperatures everywhere, producing a global absorption signal against which the regions near one star would be harder to detect. In fact, owing to the presence of the foreground, it is not possible to make absolute measurements of the 21 cm signal, but only the spatial variations. In Figures 2  and 12 , the plotted emission (absorption) temperature is not the absolute value, but the difference its value far from any Lyα sphere.
The Lyα background can only originate from the continuum photons emitted by the stellar photospheres. The injected photons resulting from the high-energy electrons generated by X-rays are emitted at the Lyα line, and are rapidly redshifted as they leave the Lyα sphere where they have been created. Because the injected photons vastly dominate the intensity over the continuum photons from the central star, the background of Lyα photons is much fainter than it would be if continuum photons were the dominant ones. This allows for a lasting contrast of individual Lyα spheres in comparison to the background, because the Lyα background intensity stays low even when a very large number of first stars are seen from any random point in the universe.
At the same time, we need to take into account the background of X-rays produced by the stars and their global heating effect, which will raise the kinetic and spin temperatures and hence decrease the strength of the 21 cm absorption.
To compute the background of the continuum photons near the Lyα line, we assume a blackbody spectrum for the first stars. Let E(ν) be the number of photons emitted over all time per baryon and per unit of frequency in one of the halos that collapse to form the first stars. In a halo that forms a single, massive metal-free first star, the spectrum should be a blackbody with temperature T ≃ 10 5 K, with little dependence on the stellar mass (Schaerer 2002). As more massive halos collapse and continue to form stars from metalpolluted gas, different stellar populations should form and emit more photons. For simplicity, we shall assume here that E(ν) remains constant, that is to say, the total number and spectrum of photons emitted per baryon in collapsed halos is fixed at frequencies greater than Lyα (which are the only ones that affect our result). In view of our present ignorance on the type of stars that will form in halos of different mass as the processes of collapse of structure in the universe, reionization and metal pollution proceed, this assumption seems as good as any other.
The fraction of mass bound in star-forming halos is
is the comoving density of halos of mass m, and M min (z) is the minimum halo mass to form the first stars at redshift z. The star formation time and the main-sequence lifetime of the first stars are short compared to the Hubble time, so the emissivity can be approximately written as
whereḞ is the time derivative of the fraction of mass bound in star-forming halos, F , and we have assumed a constant E(ν).
As mentioned above, the only photons that contribute to the Lyα background are those emitted by the stars in the continuum to the blue of the Lyα line. Among these, only photons with ν < ν β can be redshifted to ν α as continuum photons, and all photons of greater frequency will be absorbed at the Lyman β or higher resonance Lyman series lines and be converted to injected Lyα photons. Here we will calculate only the intensity of the continuum Lyα background, and we will need to bear in mind that the total background will actually be a few times larger because of the injected photons from higher Lyman series lines (note that the spin changes caused by these higher Lyman series photons before they convert to Lyα photons are negligible, because of the very large number of scatterings that the Lyα photons undergo). This intensity is given by
where E α = E(ν α ). If the spectrum of first stars E(ν) is approximated as flat near the Lyα frequency (which is a good approximation for massive, metal-free stars, which have surface temperature of 10 5 K), then the expression is simplified to
We obtain an estimate for the value of E α as follows: a typical halo with baryonic mass of 10 5 M ⊙ forming one star with 10 2 M ⊙ uses a fraction 10
of its mass to form stars. If ∼ 50% of this mass is hydrogen that is burned to helium in the stellar interior during the star lifetime, the energy released per baryon in the halo is e b = 7 MeV×10 −3 ×0.5 = 3.5 keV. Assuming a blackbody spectrum with photosferic temperature T , we find
(33) For T = 10 5 K, this expression gives E α ν α ≃ 45. We use this value to compute the background intensity.
The fraction of mass bound in halos above the minimum mass to form stars is computed for the two halo models we use, i.e., the Press & Schechter (1974) model, 
where s = δ 2 c (z)/σ 2 (M min ). The resulting Lyα intensity is plotted as a function of z in Figure 9 . The corresponding y α , which gives the strengh of the spin-kinetic coupling by Lyα scattering, is also shown in the same figure.
The figure shows the Lyα background intensity becomes important at very high redshift. For the Sheth-Tormen model, y α > 1 at z < 28, while for the Press-Schechter model, this is only slightly delayed (at z = 25).
It may seem surprising that the background becomes important at such an early stage in the formation of the first generation of stars, because as mentioned earlier the flux of local Lyα photons in a Lyα sphere is actually dominated by the secondary Lyα photons produced from the ionization by X-rays, whereas the Lyα background is contributed only by the direct ultraviolet emission from the distant stars. But this is compensated for by the large number of first stars that are already visible from any location out to a large distance in the universe at these redshifts. This can be seen considering, as an illustration, that each star in the universe emits a luminosity L i in X-rays that are absorbed at radius ∼ r α and have their energy converted into "injected" Lyα photons, and a luminosity L c of "continuum" photons in each frequency range ∆ν/ν α = Hr α /c, which enter the resonance Lyα line as they propagate through a distance equal to the size of the Lyα sphere. Then, the local flux of Lyα photons from the star (dominated by the injected ones) is F i = L i /(4πr 2 α ), and the background flux (determined by the continuum photons) is F b = n α L c r m , where n α is the number density of Lyα spheres with first stars of similar luminosity, and r m is the maximum distance out to which these first stars can be seen. In practice, r m is determined by the extremely fast evolution of the density of first stars (which parallels that of the background intensity shown in Fig. 9 ), which doubles every ∆z ≃ 2. Hence, r m ∼ cH −1 ∆z/(1 + z). Defining the filling factor of the Lyα spheres f = 4πn α r 3 α /3, we find that
For the first stars at z ∼ 30 and at r α = 10 kpc, L i /L c ∼ 100 (as determined from a blackbody spectrum with T ≃ 10 5 K), and r m /r α ∼ 300, so the background of continuum photons becomes equal to the locally produced injected photons when the filling factor of the Lyα spheres is about 10%.
Hence, the background starts diminishing the contrast of the Lyα spheres when their filling factor becomes large. Of course, when the filling factor becomes large the background of injected Lyα photons generated by X-rays from other stars (which we have not included here) should also become important. The importance of other stars in the neighborhood is greatly increased by the large biasing of the first stars. As we can see in Fig. 8 , we typically expect to find several other halos capable of forming metal-free stars within the distance of the physical size of the Lyα sphere (∼ 10 kpc) at z 25. This means that in practice, at z 25 some of the Lyα spheres may actually be produced by "clusters" of first stars, where several stars contribute to the Lyα fluxes of large blobs yielding 21-cm absorption.
The X-ray background
In addition to the soft X-rays from the stellar photosphere, the intergalactic medium may also be heated up by a hard X-ray background, produced for example by a population of early X-ray binaries after some of the metal-free stars have collapsed into black holes, or by supernova explosions and the relativistic electrons generated in supernova remnants. The hard X-rays heat the atomic medium globally, because their mean free path is large compared to the typical separation between Lyα spheres (as opposed to the soft X-rays from the metal-free main-sequence stars, which do not heat the medium substantially beyond the radius of a Lyα sphere as discussed in §2). For local star bursts, it has been estimated that the energy release in hard X-rays is (Oh 2001 )
or about ǫ X ∼ 1 keV per baryon that forms stars. At high redshift the X-ray emission may increase because of the higher temperature of the CMB which provides seed photons for Compton scattering (Cen 2003) .
In practice, only a small fraction of the energy emitted in hard X-rays will be used to heat the IGM. At very high frequency, the universe is transparent to X-ray photons and so most of the emitted energy will be redshifted rather than absorbed by an atom. At redshift z = 30, the universe is opaque below a photon energy of ∼ 2 keV. Only a small fraction of the energy of the absorbed photons will be converted to heat (the rest being used for collisional ionizations and excitations). If η ef f is the fraction of the emitted X-ray energy converted to heat, and f * is the fraction of baryons in collapsed halos with M > M min (z) that form stars, then the temperature evolution of the gas is described by (neglecting other heating and cooling mechanisms such as shock heating, Compton effect, etc.)
To see a characteristic example for the gas temperature evolution, we integrate this equation using f * η ef f = 2×10
−5 (a reasonable value obtained for f * ∼ 2 × 10 −3 for a typical metal-free star formed in a halo with ∼ 10 5 M ⊙ of baryons, and a fraction η ef f ∼ 10 −2 if 10% of the hard X-ray energy is emitted in the relevant range 0.2 − 2 keV and 10% of this energy is converted into heat). We start at z = 60 with a mean gas temperature of 66.6 K as given by the code RECFAST (Seager, Sasselov & Scott 2000) . The results are shown in Fig. 10 . The CMB temperature and the adiabatically evolved gas temperature are also shown. The evolution of the mean temperature of the IGM depends sensitively on the hard X-ray emission. For ǫ X ∼ 1 keV per baryon, the mean gas kinetic temperature is below that of the CMB down to z ∼ 11, but for ǫ X ∼ 10 keV, the gas is heated above the CMB temperature at z ∼ 15 − 17 in our model.
We plot the profiles of the Lyα sphere in the presence of hard X-ray heating in Fig. 11 , with ǫ X = 10 keV per baryon, f * η ef f = 2 × 10 −5 , and using PS halo model. At high redshift (z = 30 to 25), when X-ray heating is still not significant, the profiles are similar to those shown in Fig. 2 . At lower redshifts, however, the gas is gradually heated and therefore the 21-cm absorption becomes gradually weaker. For ǫ = 10 keV, the Lyα sphere would of course appear in emission everywhere for z 20 because the gas kinetic temperature is globally heated above the CMB temperature (see the right hand panel of Fig 12, which shows a 200 M ⊙ star at z = 15 where the mean temperature of the gas is already heated above the CMB temperature).
It needs to be born in mind that the history of heating of the IGM is completely dependent on the type of X-ray sources that appeared among the first population of stars. These are likely to be X-ray binaries made by the first stellar black holes, in stars that are formed as close binaries. It is also possible that a population of miniquasars made when gas can cool in the vicinity of these first black holes emitted X-rays efficiently. The parameters we have chosen here for the X-ray emission should be considered as no more than an illustrating example, because we cannot predict the abundance of these first X-ray sources. The possibility of observing the transition from Lyα spheres with a strong absorption signal to a weaker emission signal at lower redshift would provide a very useful tool to study the thermal evolution of the atomic IGM and the nature of the first sources in the universe. 
Observablity
So far we have presented a theoretical investigation of the properties of what we have named " Lyα spheres", the first regions of the universe illuminated by Lyα photons from a metal-free star or a "cluster" of such stars (where the clusters would be caused by biasing in the cosmological distribution of star-forming halos). Would it be possible to observe this object directly with the incoming 21cm instruments, such as 21CMA/PAST, LOFAR, MWA, and SKA? Or, if not these instruments, can we design one which could do it? What would be the characteristics of an instrument optimized for detecting the Lyα sphere of the first stars?
If the instrument has a response function R(ν, θ), with dνdθ 2 R(ν, θ) = 1, then for a pixel centered on the Lyα sphere, the resulting signal iŝ
We can model R(ν, θ) as a direct product of a tophat spectral function with a bandwidth ∆ν and a Gaussian beam of half-beam width Θ. Then,
2 .
(40) For an interferometer array, the real space pixel noise is given by (Thompson, Moran, & Swenson 2001) ∆T
where T sys is the system temperature, δν is bandwidth, t the observation time, and
is the covering factor of the array. The angular resolution of the array is
where L is the baseline, and λ the redshifted wavelength. Thus, for a fixed value of N dish A dish , the covering factor decreases with resolution. The signal to noise ratio of the measured radio brightness within a resolution element of the array is
The system temperature is dominated by the galactic synchrotron background, which scales as ν −2.5 , or in terms of redshift,
The signal to noise ratio at redshift z is then
(46) At redshift z, and for a flat space geometry, a comoving distance dr is related to angular size dθ and frequency variation dν by
where r = c dz/H. The comoving distance is related to the physical distance by r = (1 + z)r p . For the Lyα spheres, the relevant physical scale is ∼ 10kpc. For the set of cosmological parameters adopted by us, a physical distance of 10 kpc at redshift z = 20, 30 corresponds to an angular scale of 3.9, 5.3 arcsec and a frequency interval of 7.6, 9.2 kHz, respectively. In a resolved observation, the maximum absorption signal strength can reach a value close to δT ∼ −200mK (Fig. 2) . However, in order to resolve the Lyα sphere, a beam of Θ 4 ′′ and frequency bandwidth ν 8 kHz are required. For observations of the redshifted 21-cm line, the baseline for achieving an angular resolution θ is given by
For a beamwidth and bandwidth similar to the size of the Lyα sphere, one obtains the best signal-tonoise ratio for a single brightness measurement.
Assuming that the center of the beam and frequency bin is centered on the star, we plot the observational signal |δT | of the Lyα sphere made by a 400M ⊙ star at z = 20 of age t = 1.5Myr, as a function of the beamwidth Θ and bandwidth ∆ν in Fig. 13 . For this star, the maximum emission brightness occurs at 6.9 kpc away from the star, and the maximum absorption is located at 15 kpc (δT = −190mK), but |δT | > 5mK up to 33 kpc. The signal decreases more rapidly with Θ than ∆ν, which is not unexpected given that the included volume is ∝ Θ 2 ∆ν. There are some wiggles of δT in the ∆ν direction, probabily because we have a sharp cutoff in frequency. The wiggle at very large bandwidth (much greater than the size of the Lyα sphere) is probably due to global absorption. Anyway, for such large distance the ideal picture of the star as an isolated sphere would break down, so we will consider only the smaller scales.
We plot the corresponding signal to noise ratio (SNR; see eq.
[46]) in Figure 14 , assuming f cov = 1 and t = 1yr. Again, we ignore the second peak at very large bandwidth. To obtain a high confidence detection with SNR > 5(10, 20) under this circumstance, one could choose an optimal bandwidth of 30 kHz, and the optimal beamwidth (to obtain the highest SNR) is 20 (14, 10) arcsec, corresponding to a baseline of 45 (65, 91) km. The area corresponding to this baseline would have to be covered with dipole receivers in order to achieve f cov ∼ 1. The requirements become more stringent with increasing redshift, owing to the increasing brightness of the synchrotron foreground, and as we have seen in §4 it may be necessary to go up to z ∼ 30 to see a pristine Lyα sphere with a signal that is not yet weakened by a global Lyα background and an IGM heated by hard X-rays.
Conclusion
We have investigated the 21cm signature of the first stars. The coupling of the spin and kinetic temperature induced by the Lyα photons generated by a metal-free star should generate a "Lyα sphere", a region that can be detected by a 21 cm absorption signal when the IGM has not been heated by X-rays prior to the formation of the star. The 21 cm absorption signal can reach a strength of 200 mK when the IGM temperature far from the star is at its minimum value reached by the adiabatic cooling, and becomes weaker as the IGM is heated. Most of the Lyα photons that couple the spin and kinetic temperatures are generated by collisional excitations of the high-energy electrons that are produced by soft X-rays emitted from the photospheres of the hot metal-free stars, rather than the direct photospheric emission of the star. These soft X-rays are not able to travel very far from the star and hence tend to heat the IGM only locally around each metal-free star that forms, but the IGM may be heated globally by other sources of hard X-rays, such as X-ray binaries formed by the black holes made by the first stars.
The temperature and 21 cm absorption profile of a Lyα sphere can be calculated as a function of the spectrum emitted by the star and its age in the idealized case of a uniform medium in Hubble expansion around the star. However, owing to the highly biased distribution of the first stars, the region where a first star has formed may often be highly irregular, containing non-linear structures on scales larger than the halo hosting the star. The first stars should also be highly clustered because of their biased distribution, so the high-redshift regions producing 21 cm absorption may often be produced by several first stars that are illuminating and heating a larger region with their X-rays and Lyα photons. This may make these regions larger and therefore easier to detect.
The detection of these earliest structures in the universe formed by the first stars is still very challenging, mainly because of the high redshift at which they are likely to be present and the intense synchrotron foreground that must be subtracted to measure any CMB fluctuations. Filled apertures of at least ∼ 50 km will be required for detection. However, detecting these regions of Lyα absorption will represent a hiatus for cosmology: they will constitute a clear indication that the first stars formed in the universe have been found, and allow us to measure many of their properties such as their mass distribution and spatial correlation.
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